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Room Temperature Magnetoresistance and Cluster-Glass Behavior
inthe Tl,—xBi,Mn07 (0 = x = 0.5) Pyrochlore Series
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In a novel T}_,Bi,Mn,O; (0 = x = 0.5) pyrochlore series magnetoresistance (MR) dramatically
increases with Bi substitution: A value of MR at 9 T ®6*% is observed for TlsBi;,Mn,O; at
110 K; for Tl 9Bio;Mn,0; the room temperature MR (9 T) i€?%. Those values are unprecedented
in pyrochlorelike manganese oxides, and open up the possibility of technological applications. A
cluster-glass state develops, competing with ferromagnetisnx fer0.1 and preventing long range
ferromagnetic ordering fox = 0.2. A new mechanism for MR at room temperature, associated with
polaronic effects, is proposed. [S0031-9007(98)08158-7]

PACS numbers: 75.70.Pa, 71.30.+h, 71.38.+i, 75.10.Nr

The broad classification of colossal magnetoresistanceant in a SF model, through the substitution Sc for Tl in
(CMR) materials includes those compounds in whichTl,_,Sc,Mn,0O;, has recently been shown [12]. In these
magnetoresistance is associated with a ferromagnetic-tgyrochlores, both resistivity and magnetoresistance are
paramagnetic phase transition [1], close to the Curie temeonsiderably enhanced over the undoped=(0) com-
perature {.). The prototypical CMR material is derived pound. It seems that scandium substitution mainly affects
by hole doping of the parent perovskite LaMn@or in-  electronic conduction on the TI-O sublattice while leaving
stance, in La-,A,MnO; (A = alkali-earth). In conjunc- magnetism essentially unchanged. Using this result to try
tion with the double-exchange interaction, the existenc@&ovel substitutions which could improve both the physi-
of a strong electron-phonon coupling is also viewed aal properties of the parent;Mn,0O; compound and shed
essential for a microscopic description of CMR in thesome light on the mechanism of magnetotransport in man-
manganite perovskites [2—4]. However, the observatiomanese pyrochlores was stimulating. Here we study the
of CMR in Tl,Mn,0O; [5,6] shows that there can be effect of substituting Bi for Tl in T—,Bi,Mn,O;. Bis-
causes other than double exchange for this phenomenomuth is trivalent like thallium, but it has a larger ionic
TI,Mn,0; crystallizes in the cubic pyrochlore-type struc- radius (TF*: 0.98 A, BP: 1.17 A) and, which is more
ture, also constituted by vertex-sharing Mp@ctahedra, important in describing the mixed TI-Bi-Mn-O system,
with a characteristic Mn-O-Mn bond angle close to 133 it has a6s? electron lone pair able to participate in the
At variance with manganite perovskites, in,Mn,O;  chemical bonds to oxygens in the pyrochlore structure.
the high-temperature state is metallic [5], there is noTl,—,Bi,Mn,O; (x = 0,0.1,0.2,0.3,0.4,0.5) pyrochlores
structural anomaly associated with the change in magwere prepared under high-pressure conditions. The reac-
netotransport properties & = 142 K, suggesting weak tion was carried out in a piston-cylinder press, at a pres-
spin-lattice and charge-lattice correlations [7], and there isure of 20 kbar at 100 for 1 h. The reaction products
no Mr**-Mn** mixed-valence or Jahn-Teller distortions were characterized by x-ray diffraction: All of the re-
in the MnQ octahedra [8,9]. A superexchange-type in-flections could be indexed in a cubic unit cell, the lat-
teraction has been suggested to stabilize the ferromagnetice parameter of which regularly increases withfrom
(FM) ordering of Mn spins [7], whereas the metallic con-a = 9.9052(5) A for TI,Mn,0, to a = 9.9514(7) A for
ductivity comes from the overlap between My- and TI  Tl; sBipsMn,O;. This variation is consistent with the
6s-block bands, resulting in a partial filling of the &k-  larger ionic radius for Bi* compared with that for
block bands [10]. One possible explanation for the CMRTI**. Neutron powder diffraction data, collected at D2B
effect in ThMn,0O; is strong scattering of conduction diffractometer (ILL-Grenoble) forx = 0 and x = 0.2
electrons by spin fluctuations (SF) associated with FM oreompounds and refined according to the conventional
dering on the Mn-O lattice [11]. This scenario implies thepyrochlore structure [13], space group Fd-3m, show that
presence of two distinct electronic subsystems: itinerann-O distance slightly increases from 1.9016(9) A for
(weakly magnetic), concerning the hybridization of Mn TI,Mn,0; to 1.9029(9) A for T]3Bip.Mn,O;. Mn-O-
and Tl bands, and localized (strongly magnetic), involvingMn angles significantly increase from= 0 [134.09(3J]
the large local moment of MAd electrons. The possibil- to x = 0.2 [134.41(3J] materials. The dc and ac mag-
ity of independently tuning the materials parameters relenetic susceptibility were measured with a commercial
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SQUID magnetometer on powdered samples; transpodther hand, low-temperature neutron diffraction demon-
and magnetotransport measurements were performed Isyrates the absence of long range magnetic ordering for
the conventional four probe technique, under magnetidl; sBiy>Mn,O;, in contrast with the FM contribution to
fields up to 9 T in a physical properties measurementhe neutron scattering on low-angle crystallographic re-
system (PPMS) from Quantum Design. The dc magflections observed in TMn,0O; below 110 K. In ad-
netic susceptibility vs temperature data (Fig. 1A) showdition, specific heat measurements forMh,0; show
a low-temperature saturation for,Mn,0O; characteris- a sharp peak at 112 K related to FM ordering, in con-
tic of the long range FM ordering described earlier [5,6].trast with Th gBiy2Mn,0O; for which no peak is observed
However, forx > 0 the presence of irreversibilities [dif- in all of the temperature range. In the paramagnetic
ferences between field-cooled (FC) and zero-field-cooledegion, the inverse susceptibility y vs T plot (Fig. 1B)
(ZFC) curves] even for ThBig;Mn,0; suggests the ex- shows a Curie-Weiss behavior only for temperatures
istence of antiferromagnetic (AFM) interactions compet-higher than 220 K (i.e.~1.6T. for TI;Mn,07). The
ing with the net ferromagnetism exhibited by,Mn,O;.  paramagnetic momertip) reaches a maximum value for
From the magnetization vs magnetic field curves, the satue = 0.2, p is within (3.50-3.80)wg/Mn (expected for
ration magnetic momenta4;) are found to decrease from spin-only Mrt*, 3.80ug). For T > T,, the presence of
2.65u/Mn for TI,Mn,0O; (close to that expected for some magnetic correlations preclude the linear Curie-
Mn** of 3.0up) to hardly 0.5u/Mn for x = 0.5, as  Weiss behavior; this regime could be described as a spin-
indicated in Table I. This is in strong contrast with the polaron-like state, in the framework of a recent model for
observed behavior for the Fl1,Sc.Mn,O; series [12], a low-density electron gas coupled to FM spin fluctua-
showing a relative insensitivity oM; with x. On the tions [14]. The ac magnetic susceptibility measurements
give evidence for a cluster-glass-like behavior which de-
velops even for undoped ;Mn,0;. For Bi substitutional
s L L B B levelsx = 0.2, the y’ decrease observed at low tempera-
10 f‘\ﬂxw.ﬂ . . tures, strongly frequency dependent, is the signature for a
: 02 % } T lz_XB lan207 3 cluster-glass behavior. In thg” susceptibility a broad
\ “ FC, H=1kOe maximum at 40 K forx = 0 and x = 0.1 compounds

transforms into a sharp cusp at 38 K for= 0.2, which
is suppressed towards lower temperatures for increasing
Bi-substitutional rates. This cusp corresponds to the crys-
tallization of the cluster-glass stat&;( in Table I). We
believe that the spin-polaron-like state observed above
T. collapses at lower temperatures into the cluster-glass
state belowr;,;. It should be recalled thatMn,0; py-
rochlores A = Sc, Y, Ho, Yb, and Lu) exhibit [15] clear
FC-ZFC irreversibilities, and ac susceptibility results in-
dicate the presence of both near-neighbor AFM and FM
(second and third neighbor) short range correlations, in
common with spin glasses. As the Bi-substitutional rate
increases, the AFM interactions are favored by the further
Y A opening of the superexchange Mn-O-Mn angles (for in-
stance, 134.40(3)for x = 0.2 compared to 134.09for
x = 0) and the weakening (lengthening) of Mn-O bonds,
] giving rise to a completely disordered cluster-glass system
x=0.0] at low temperatures for = 0.2.

Transport measurements were performed on “as-
grown” pellets, directly sintered under the high-tempera-
] ture/high pressure synthetic conditions. The transport
AV ] properties show an extraordinary dependencep(f)

“2 Vs ] with x (Fig. 2). p(300 K) increases by more than 6
0 T """"“3{"///4 . orders of magnitude as goes from 0 to 0.5 (see also
0 50 100 150 200 250 300 Table 1). This is associated mainly with the reduction

Temperature (K) in the concentration of Tl atoms, which is thought to

FIG.1. (A) dc magnetic susceptibility as a function of be responsible for the large electronic conductivity of

temperature showing zero-field-cooled (lower) and fieId-cooIedTIZMn2_07’ th_rough the mi_xing _Of the volum_inous Tl
(H = 0.1 T, upper) curves; and (B) inverse susceptibility vs 6s orbitals with Mn 3d orbitals, in contrast with other

temperature. The straight lines are a guide to the eye. insulating AMn,0O; pyrochlores [15]. It is reasonable to
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TABLE |I. Magnetic and electrical parameters as a function of Bi concentration,in.Bi,Mn,0;. Resistance data for RT. MR
data are for RTand 9 T.
Tc Tirr Ms P P MR Eact (0 T) Eact(9 T)

x (K) (K) (up) ) (Q cm) % (meV) (meV)
0.0 135 42 2.65 3.77 4.0 % 107! 10

0.1 95 40 1.85 3.76 1.0 X 10? 100 94.9 68.1
0.2 38 1.22 3.80 3.0 X 10° 20 147 94.7
0.3 36 0.71 3.61 1.0 X 10* 6

0.4 34 0.55 3.56 3.0 X 10° 10 288 272

0.5 32 0.52 3.50 7.0 X 10° . 336 313

assume that Bi substitution introduces a strong-scatterinigy a factor of 2 from TAMn,O; to thex = 0.1 compound.

6s vacancy into the TI-O network. Thes? electrons of The evolution ofp(7T) is also stronglyx dependent (see
Bi3* are certainly not involved in the hybridization with Fig. 2A): Forx = 0.1 a semiconductinglike behavior is
Mn 3d orbitals, since they probably participate in strongobserved at high temperatures, leading to a maximum in
covalent bonding to Oatoms, as happens in B, O resistivity, followed by a minimum at lower temperatures,
pyrochlore [16], and, therefore, Bi is not capable ofand, for x = 0.2, a new increase irp below 50 K.
contributing states at the Fermi level. From preliminaryThis localization at low temperature could be related to
far-infrared reflectivity measurements [17] the number ofthe freezing temperaturel’y;) of the cluster-glass state
carriers (electrons) at 77 K has been estimated to decreaf® doping levelsx = 0.2. Regarding the changes in
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FIG. 2. (A) Resistivity vs temperature plots dt= 0 (upper)

and 9 T (lower) curves; and (B) temperature variation of
the magnetoresistance & = 9 T, defined as MR T) =
The inset
shows the magnetic field dependence for By ;Mn,0O; at

100x[R(0) — R(9 T)]/R(9 T) for Tl,—,Bi,Mn,O,.

four selected temperatures.

p(T) under a magnetic field we define MRT) =
100x[R(0) — R(O T)]/R(O T). The evolution of
MR(9 T) with x is spectacular: As shown in
Fig. 2B, MR(9 T) increases from9.5 X 10°% (x = 0,

T = 145K) to 7.0 X 103% for x = 0.1 at 125 K. For

Tl gBigp2Mn,0; this maximum is shifted to 110 K and
MR(9 T) is of the order of10*%, and, below 50 K
MR(9 T) dramatically increases, taking values higher
than10°% at 10 K. This is related to the huge increase
in p for doping levelsx = 0.2 when the external field is
zero and the cluster-glass state is established: Through
the application of a strong magnetic field the magnetic
clusters become oriented and the size of the FM domains
increases, dramatically reducing the spin fluctuation
scattering and, therefore, the electrical resistance. The
occurrence of CMR coupled to a spin-glass state had
been observed in perovskite-related compounds, such
as (TbLa),/3Ca/3MnO; [18] or RNip3Cx70; [19],

but this is the first report of CMR associated with a
cluster-glass state in pyrochlore-type compounds. The
inset in Fig. 2B shows the magnetic field dependence of
MR [given asR(H)/R(0)] for Tl ¢Big;Mn,O; at some
selected temperatures. It is remarkable that most of the
magnetoresistant effect &t = 100 K, close to T,, is
obtained at low field# < 2 T), with a slope higher than
—2 T~!'. This feature is in contrast with that observed
in manganese perovskites, i.e.,ok&a3;MnO;, where
roughly 50% of the MR effect is obtained at low field,
whereas the remaining 50% is a high-field effect. This re-
sult suggests that in Bi-substituted pyrochlores the grains
are fully magnetized and the grain boundary is extremely
small compared with the grain volume. Moreover, the
most remarkable feature of the,TLBi,Mn,O; system

lies in the room temperature (RT) behavior. As indicated
in Table I, RT MR(9 T) value for TIMn,0O; is 10%,
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250 [t e x = 0.2, the system is magnetically frustrated, showing
. _Para ] a cluster-glass-like behavior below characteristic freezing
200k o | o ] temperaturesT(,;) close to 40 K, and metal-to-insulator
E ] transitions afy;; temperatures which strongly decrease as
2] U ] x increases. We have shown that moderate pressure syn-
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thesis techniques can be used to prepare a Bi-substituted

T Iz-xB IXM nzoﬁ series of pyrochlores based onMn,O;, in which mag-

Metallic

1 H=0T ] netoresistance is hugely enhanced. For the first time we

\ ] show the occurrence of CMR coupled to a cluster-glass

5 OU\U\DTLD\DLD ] state in a pyrochlore system: It is thought that the appli-
[Clustor \ Cluster-Glass \‘ ~ ] cation of an external field increases the size of the ferro-
olL8lssl, . N I N magnetic domains, hence, diminishing the spin fluctuation

o 01 02 03 04005 06 07 0.8 gcatteringinthe sample. At variance with mixed-valence
X (% Bi) manganese perovskites, in which RT MR is achieved by
FIG. 3. Phase diagram for the ,T\Bi,Mn,O; system. T,: pushing ugr,, in the Th_,Bi,Mn,0; series we show that
ferromagnetic Curie temperaturd;,,: cluster-glass freezing the occurrence of localized 10—15 A magnetic polarons
temperature from the magnetic susceptibility irreversibility; 54 7 ~ ®y accounts for the large MR (up tt? for an
Twi: metal-to-insulator transition temperature. -
x = 0.1 compound) observed at room temperature, well
aboveT.. Those MR values are unprecedented in py-
enhanced up to a maximum 69>% for Tl ¢Big;Mn,O,. rochlorelike manganese oxides, and open up the possibil-
This is comparable to the best results obtained for perity of technological application for these materials.
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